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Simian foamy viruses (SFV) are exogenous retroviruses present in most if not all nonhuman primate species. Baboons
and other African monkey species are known to harbor SFVs, yet there is presently no data in regard to their genetic
relationship. Here we studied SFVs from baboons as compared to other SFVs isolated from a Hamlyn’s guenon, a patas
monkey, and a vervet. By Western blot analysis, the gag precursor proteins (p74/p70) were detected from all SFVs. In
addition, the envelope glycoproteins from a vervet isolate (SFV-Agm2) were comparable in size to the env precursor
gp130, the exterior glycoprotein (gp70), and the transmembrane protein (gp48) as detected by lentil lectin binding and
radioimmunoprecipitation (RIPA). Molecular comparison of PCR amplified products from pol and LTR regions of each SFV
demonstrated a close relationship among baboon SFVs while SFVs from patas, Hamlyn’s guenon, and vervet clustered
together. The baboon viruses only varied by 4% among each other in the LTR region; however, as much as 26% variation
was noted when compared to the other African monkey SFVs. To determine the prevalence rate of SFV-Bab in our baboon
colony, we employed both Western blotting and PCR analysis. Antibodies to SFV gag precursor proteins were seen in 7 of
10 infants; however, none were positive by PCR, suggesting that these infants were virus negative and that their antibodies
were maternal in origin. Only one juvenile (1/10) and all adults (38/38) were infected with SFV. Taken together these results
suggest that SFVs have arisen and diverged along with the evolution of their natural hosts. Furthermore, the high prevalence
rates to SFV seen in adult baboons strongly suggest a sexual or oral routes of transmission. q 1997 Academic Press
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INTRODUCTION oped severe neurological symptoms that progressed to
encephalopathy and myopathy as the mice reached adult-
Foamy viruses are retroviruses in the Spumavirinae sub- hood (Aguzzi et al., 1992a, 1992b; Bothe et al., 1991;
family and are so named because in cell culture they in- Rethwilm, 1995). While no SFV-related diseases have been
duce multinucleated giant cells with numerous vacuoles, reported either in nonhuman primates or after zoonotic
giving the syncytia a foamy appearance (Aguzzi et al., infection of humans (Schweizer et al., 1995; Neumann-
1993). Foamy viruses appear to be benign infections with Haefelin and Schweizer, 1997), human members of the two
lifelong persistence in their natural host species and, al- other retroviral subgroups, human T-cell leukemia virus
though several have been isolated from animals with a (HTLV) and human immunodeficiency viruses (HIV) are as-
variety of illnesses, a clear causality between infection and sociated with disease (Franchini and Reitz, 1994).
disease has not been established (Neumann-Haefelin et The prototype human foamy virus, HFV, was isolated
al., 1993). Several humans have been accidentally infected from a patient with nasopharyngeal carcinoma and has
with simian foamy virus (SFV), yet they have no signs of been shown to be antigentically and molecularly most
clinical disease (Neumann-Haefelin and Schweizer, 1997; closely related to chimpanzee isolates (Brown et al.,
Schweizer et al., 1995). There are, however, several reports 1978; Nemo et al., 1978). This finding along with the
in the literature implying pathogenic roles for foamy virus high seroprevalence rates both in chimpanzees and the
in humans, but these results are still controversial (Lycke apparent lack of natural infection in humans has sug-
et al., 1994; Schweizer et al., 1994; Mahnke et al., 1992; gested nonhuman primate reservoirs for possible trans-
Saib et al., 1994; Wick et al., 1992, 1993). Evidence of foamy mission to humans (Herchenroder et al., 1994; Schweizer
virus pathogenicity has been demonstrated in vivo by gen- et al., 1995). Serological surveys have indicated that sim-
erating transgenic mice expressing one or more HFV ian foamy viruses (SFV) are present at relatively high
genes. Transgenic mice bearing the HFV transgene devel- rates in most if not all nonhuman primates (Hooks and
Gibbs, 1975, Schweizer et al., 1995). The early simian
foamy virus isolates were classified serologically (types1 To whom correspondence and reprint requests should be ad-
dressed. Fax: (210) 670-3332. E-mail: jallan@icarus.sfbr.org. 1 to 10) based on cross-neutralization assays (see re-
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views by Hooks and Gibbs, 1975; Neumann-Haefelin et Cercopithecus aethiops pygerythrus, and agm654, Cer-
copithecus aethiops aethiops, respectively) and SFV-Pat1al., 1993). SFV serotypes 1, 2, and 3 have been isolated
from Asian macaques, African green monkeys, and ba- was isolated from the PBMC of a Patas monkey (animal
pat905, Cercopithecus patas) during cocultivation withboons; serotypes 4, 8, and 9 from New World monkeys;
serotype 5 from prosimians; serotypes 6 and 7 from chim- Molt4(clone8) cells (Table 1). SFV-Bab1 was isolated
from the STLV (simian T-cell leukemia virus)-transformedpanzees; and serotype 10 from a baboon. A foamy virus
isolated from an orangutan was designated SFV-11 be- baboon cell line generated from the PBMC of baboon
PCAx4266 (Papio cynocephalus anubis) and SFV-Hm1cause it showed only weak cross-reactivity with the other
SFVs (McClure et al., 1994). More recently, SFV isolates was isolated from a Hamlyn’s guenon T-cell line gener-
ated by transformation of PBMC (animal Hg558104BK6)have been named with regard to the host species from
which they were isolated since current molecular analy- with Herpesvirus saimiri (Table 1). The animals were
healthy at the time the blood was drawn with the excep-sis suggests the original classification based on cross
neutralization assays did not clearly delineate species tion of baboon PCA 1 4266, which had STLV-1-induced
non-Hodgkin’s lymphoma and was euthanized for hu-types. SFV-Gg isolated from a gorilla and SFV-CPZ iso-
lated from a chimpanzee were named using the host mane reasons.
species nomenclature (Bieniasz et al., 1995; Herchen-
Western blot analysisroder et al., 1994, 1995). Molecular clones representing
some of the serotypes such as SFV-1 from a rhesus
Western blotting was performed as previously de-
macaque isolate (serotype 1, Kupiec et al., 1991), SFV-3
scribed with a few modifications (Allan et al., 1991). Es-
from a African green monkey isolate (serotype 3, Renne
sentially, HFSM cells were infected with foamy virus and
et al., 1992), SFV-Gg (Bieniasz et al., 1995), and SFV-CPZ
maintained until syncytia were present in the culture.
(serotypes 6 and 7, Herchnroder et al., 1994) have been
Viral antigens were then purified through a 20% sucrose
analyzed and compared. Phylogenetic analysis revealed
cushion, separated by SDS–polyacrylamide gel electro-
a close relationship between three chimpanzee SFVs,
phoresis (PAGE), and blotted onto nitrocellulose sheets.
the orangutan and gorilla isolates were genotypically dis-
The nitrocellulose paper was blocked with 3% bovine
similar, whereas most of the monkey isolates clustered
serum albumin and subsequently incubated with 25 ml
together.
of serum. Detection of viral proteins was accomplished
In this report, we molecularly compared new SFVs from
by the streptavidin-biotin system (Amersham Inc., Arling-
Hamlyn’s guenon, a patas monkey, an African green mon-
ton Heights, IL) with diaminobenzedine as the substrate
key, and two baboons. Phylogenetic analysis revealed ge-
for color development.
netic relatedness apparently coinciding with host species,
suggesting coevolution of virus and host. Furthermore, we Radioimmunoprecipitation of foamy virus proteins
found high seroprevalence rates in baboons, suggesting
sexual or oral routes of SFV transmission. Radioimmunoprecipitations were performed as de-
scribed previously with a few modifications (Allan et al.,
METHODS 1991). HFSM cells (30% confluent in a T25 flask) were
Cell lines, PBMC, and viruses incubated with foamy virus for 2 hr at 377. On day 3 the
cells were expanded to T75 flasks. Once the culturesPrimary cultures of human foreskin fibroblast cells
showed signs of syncytia, usually by day 5, the cells were(HFSM) and human foamy virus (HFV) were generous
metabolically labeled overnight with 1.0 mCi/101 106 cellsgifts of Richard Heberling. Adherent cell lines were main-
of [35S]cysteine and methionine (Amersham or ICN) intained in Dulbecco’s modified Eagle’s medium supple-
DMEM complete medium (minus cysteine and methio-mented with 10% fetal bovine serum (FBS), 2 mM L-gluta-
nine). The cells were washed two times in DMEM (10%mine, 50 U/ml penicillin, and 50 mg/ml streptomycin
FBS) and then lysed in RIPA buffer (0.05 M Tris–HCl, pH(DMEM complete medium). The human T cell line Molt4-
7.2, and 0.15 M NaCl, 1.0 mM phenylmethylfulfonyl fluo-(clone8) was grown in RPMI 1640 medium supplemented
ride, 2 mg/ml leupeptin, 0.1 SDS, 1% Triton X-100, and 1%with 15% FBS, 2 mM L-glutamine, 50 U/ml penicillin, and
deoxycholate). The lysed cells were incubated at 47 for 2050 mg/ml streptomycin (RPMI complete media). Periph-
min, centrifuged at 28,000 g for 1 hr, and the lysate waseral blood mononuclear cells (PBMC) were isolated from
incubated overnight with 5 ml serum and 100 ml proteinheparinized blood by Ficoll-Hypaque (Histopaque; Sigma
A–Sepharose beads (10% wt/vol, Sigma Chemical Co.,Chemical Co., St. Louis, MO) density gradient centrifuga-
47). The immunoprecipitates were washed five times withtion (Allan et al., 1991).
RIPA wash buffer (0.1% SDS, 1% Triton X-100), after which
Virus isolation the proteins were boiled for 3 min, and separated on 11.3%
SDS–polyacrylamide gels. The proteins were visualizedSFV-Agm1 and SFV-Agm2 were isolated from the
PBMC of two African green monkeys (animals agm687, by autoradiography (Allan et al., 1990). Glycoproteins were
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isolated by a modification of this protocol in which lentil RESULTS
lectin beads (Pharmacia) were used instead of the protein
Isolation of simian foamy viruses
A–Sepharose beads and the bound fraction was eluted
by incubation with methyl a-D-mannopyranoside (Sigma Viruses were first isolated from African monkeys (ba-
Chemical Co.) for 2 hr at 47. boon, Patas monkey, Hamlyn’s guenon, and African green
monkeys) by cocultivation of their PBMCs with human T
cell lines. Supernatants from cell cultures exhibiting char-
DNA extraction, amplification, and sequencing acteristic multinucleated giant cells were taken and viruses
were purified by centrifugation. These virus isolates were
Total DNA was isolated as follows: 2 1 106 cells were then assayed for foamy virus antigens by Western blotting
lysed with 1% SDS, 100 mM Tris, pH 7.5, and 50 mM EDTA, standardized with human foamy virus (HFV) for comparison
and incubated overnight with 5 mg/ml proteinase K at 557. (Fig. 1). Serum from an SFV seropositive African green
Proteins were extracted with successive phenol and chloro- monkey was used for the Western blotting and was highly
form treatments, after which the DNA was precipitated with reactive to the baboon (SFV-Bab1), Hamlyn’s guenon (SFV-
potassium acetate and ethanol (Allan et al., 1991). Two Hm1), Patas monkey (SFV-Pat1), and African green monkey
hundred nanograms DNA was added to 200 mM dNTPs, (SFV-Agm1&2) isolates, and partially cross-reactive to the
50 mM KCl, 10 mM Tris, 2.5 mM MgCl2 , 5 mg/ml BSA, 30 HFV p74 and p70 gag precursor proteins (Hahn et al.,
pmol primer, and 1 U Taq polymerase (Promega). PCR 1994). There was variation in the size of the gag precursor
amplifications were performed with two sets of primers proteins, with the HFV and SFV-Hm1 isolates migrating
(Bieniasz et al., 1995). Primers PBF1 (5* CACTACTCGCTG- slightly slower than other isolates (Fig. 1). Similar to reports
CGTCGAGAGTGT 3*) and PBF2 (5* GGAATTTTGTATATT- by others, the gag cleavage products were not detected
GATTATCC 3*) amplified 329 bp of the HFV published LTR and it has been postulated that mature viral proteins may
R/U5 region (nt 786 to 1115). Thermocycler conditions for not be as detectable as their precursor proteins due to
the LTR primers were as follows: step 1, 1 cycle at 947 for limited processing by the viral protease (Hahn et al., 1994).
1 min, 507 for 45 sec, and 727 for 1 min; step 2, 1 cycle at Proteins of approximately 36 and 41 kDa were similar in
947 for 1 min, 477 for 45 sec, and 727 for 1 min; step 3, 25 size to the foamy virus Bel and integrase proteins, respec-
cycles at 947 for 1 min, 457 for 45 sec, and 727 for 1 min; tively; however, monospecific antibodies would be re-
step 4, 1 cycle at 727 for 7 min. Primers 2360 (5* AGTACT- quired to conclusively identify these bands (Aguzzi, 1993;
CCTTA[CT]CACCCCCAAAGT 3*) and 2361 (5* GAGACC- Giron et al., 1993).
AGG[AC]ACGA[AG][AT]GGAGG 3*) amplified 279 bp of HFV Envelope glycoproteins of most retroviruses are
pol (nucleotides (nt) 6045 to 6369 of the published HFV readily detectable using methods that allow retention
sequence). Similar conditions were used for the pol primers
except the initial temperature of 657 was decreased in in-
crements of 27 to a low of 597 (30 cycles). The amplified
samples were separated on agarose gels, blotted onto
Nytran Plus membranes, and then hybridized with 32P-la-
beled (Prime-IT, Stratagene) SFV-Bab1 corresponding to
the amplified pol or LTR gene sequence.
PCR fragments were cloned using the TA Cloning kit
from InVitrogen (San Diego, CA). Two clones were ran-
domly selected and then purified using S.N.A.P. Miniprep
kit (InVitrogen Corp.). One microgram of plasmid was
sequenced using an Applied Biosystems Automated Se-
quencer Model373A Version 1.2.0. The nucleotide se-
quence data reported in this paper have been submitted
to the GenBank nucleotide sequence database and have
been assigned the accession numbers AF001852 thru
AF001861. Sequences were aligned using GCG Package
version 7.0 (Genetices Computer, Inc.) and then cor-
rected by hand. The phylogenetic analyses were done FIG. 1. Immunoblot of foamy virus isolated from baboon, Hamlyn’s
guenon, Patas, and African green monkeys. Viral proteins we purifiedusing 100 bootstrap replicates to generate an unrooted
from HFSM infected cells by sucrose gradient centrifugation and serumconsensus tree as implemented in the Phylogeny Infer-
from an SFV positive African green monkey were used for visualization.
ence Package (PHYLIP), version 3.5p. Divergence was Lane 1 contains mock-infected HFSM cells; lane 2, HFV; lane 3, SFV-
estimated by Kimura’s two-parameter method (GCG Bab1; lane 4, SFV-Hm1; lane 5, SFV-Agm1; lane 6, SFV-Agm2; and lane
7, SFV-Pat1.Package version 7.0).
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In addition to the envelope proteins, putative pol and
gag precursor proteins could also be distinguished in the
SFV-Agm2 RIPA. The 120-kDa protein was comparable in
size to the pro-pol polyprotein, but the cleavage products,
polymerase (p81) and integrase proteins (p30), could not
be conclusively identified (Lochelt and Flugel, 1996;
Netzer et al., 1993). Similarly, the 74- and 70-kDa proteins
correspond in size and migration pattern to the gag pre-
cursors, yet the matrix, capsid and nucleotide-binding
proteins are not readily evident (Aguzzi, 1993; Konvalinka
et al., 1995). A 18-kDa protein, which correlates in size
with the capsid protein, was immunoprecipitated with
only one of the African green monkeys serum (Fig. 2A,
lane 4). Both the African green monkey and baboon se-
rum reacted to the envelope proteins by RIPA; however,
immunoprecipitation of gp48 and gp70 was much weaker
with the baboon serum (Fig. 2, lane 6, and Fig. 3).
Molecular analysis of simian foamy viruses
FIG. 2. Characterization of foamy viral proteins from the African green
monkey isolate SFV-Agm2. HFSM cells infected with SFV-Agm2 were To characterize the foamy viruses molecularly with re-
metabolically labeled with [35S]cysteine and methionine and then the spect to their host, the pol and LTR regions were PCR
viral proteins were immunoprecipitated from whole cell lysate using amplified from DNA of infected cell cultures (Bieniasz et
protein A–Sepharose beads (A) and glycosylated viral proteins using
al., 1995). Both primer sets amplified SFV DNA from SFV-lentil lectin (B). Serum from the following species were used for radioim-
Agm1-, SFV-Bab1-, SFV-Pat1-, and SFV-Hm1-infected cellmunoprecipitation: lane 1, seronegative human; lane 2, a seronegative
rhesus macaque; lane 3, a seronegative African green monkey, lanes lines (not shown). SFV DNA was also amplified from fresh
4 and 5, seropositive African green monkeys; and lane 6, a seropositive PBMC of an adult baboon (PCAx4232, referred to as SFV-
baboon. Bab2) with the pol primers (Table 1). The LTR region
was amplified from PBMC DNA of a second baboon,
PCA8740, and the resulting sequence referred to as SFV-of secondary structures. We therefore employed radio-
immunoprecipitation analysis (RIPA) to identify the SFV Bab3 (Table 1).
As shown in Fig. 3, the pol region is highly conservedenvelope proteins by metabolic labeling of SFV-Agm2
and immunoprecipitation with various monkey serum. among foamy viruses. Alignment of the LTR sequences
shows highly conserved regions interspersed with re-Major viral proteins of approximately 160, 130, 120, 75,
70, and 48 kDa were detected by radioimmunoprecipita- gions of great heterogeneity, characteristic of foamy vi-
ruses (Fig. 4). Despite the noted differences in sequencetion (RIPA, Fig. 2A). The 130-kDa protein correlates in
size to the envelope precursor reported in the cell ex- length no obvious size differences were noted in the
PCR-amplified LTR fragments. The inferred phylogenetictract of HFV-infected cells (Giron et al., 1993). Proteins
migrating at approximately 75 and 48 kDa are similar relationships of the new foamy isolates were similar for
the R/U5 and pol regions (Figs. 5A and 5B). Bootstrapin size and migration patterns as the mature surface
(SU, gp70) and transmembrane (TM, gp48) envelope analysis indicates that the baboon foamy viruses are
related to, yet distinct from, other African monkey or apeproteins identified for HFV, respectively (Aguzzi, 1993;
Giron et al., 1993). foamy viruses. SFV-Bab1 diverged by only 5% in pol and
4% in LTR to virus obtained directly from baboon PBMC,To directly identify the viral glycoproteins, labeled SFV-
Agm2 proteins were subjected to lentil lectin chromatog- as compared to 14–27% (pol) and 21–39% (LTR) diver-
gence between other foamy viruses (Table 2). SFV-Hm1raphy, which preferentially binds carbohydrate side
chains on the glycoproteins and then immunoprecipi- and SFV-Pat1 clustered with SFV-3 and SFV-Agm1. In
this case, however, divergence among these viruses wastated with representative serum samples (Fig. 2B). Pro-
teins of 160, 130, 75, and 48 kDa were detected, indicat- as high as 12% within pol and 20% within LTR. This was
similar to the divergence calculated between the twoing that gp130 was most likely the env precursor and
that gp70 and gp48 were the mature external and trans- African green monkey viruses.
Analysis of the pol sequences supports previous re-membrane proteins, respectively. The nature of gp160 is
unknown, however, others have shown that both env and ports that synonymous mutations are heavily favored
over nonsynonymous mutations. The SFV-Hm1 had onlyBel-specific antibodies recognize this protein (Giron et
al., 1993). one amino acid change compared to SFV in baboons
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FIG. 3. Alignment of SFV pol nucleotide sequences obtained from baboon, Hamlyn’s guenon, patas, and African green monkey species with
previously reported foamy isolates. Sequences from SFV-1, SFV-3, SFV-6, SFV-7, SFV-CPZ, SFV-11, SFV-Gg, and HFV were accessed from GeneBank.
Identical nucleotides are indicated by dashes.
and SFV-3 had 2 amino acid changes out of a possible Evidence of SFV in baboons
92. There were no differences in pol amino acid composi-
To determine the prevalence rate of SFV within the col-tion between SFV-Bab1, SFV-Bab2, SFV-Pat1, and SFV-
ony of baboons housed at the Southwest Foundation forAgm1 in this region (not shown).
Biomedical Research we employed Western blotting and
PCR diagnostic tools. Western blots were made with SFV-
TABLE 1 Agm1 antigens and PCR was performed with the pol and
LTR primers which were capable of amplifying SFV fromOrigin of Foamy Virus Isolates
multiple monkey species. Matched serum and PBMC were
Virus Host species Animal used in these assays. As stated previously, an animal was
considered SFV-positive by Western blot if they had anti-
SFV-Bab1 Papio cynocephalus anubis PCAx4266
bodies to the p74 and p70 gag precursor proteins. BothSFV-Bab2a Papio cynocephalus anubis PCAx4232
the pol and LTR primers amplified as few as 10 copies ofSFV-Bab3a Papio cynocephalus anubis PCA8740
SFV-Agm1 Cercopithecus aethiops pygerythrus agm687 the SFV-Agm1 clones diluted in 100 ng of total chromo-
SFV-Agm2 Cercopithecus aethiops aethiops agm654 somal DNA. b-globin was amplified from all DNA samples
SFV-Hm1 Cercopithecus Hamlyn’s guenon Hg558104BK6 to ensure the quality of DNA preparations (not shown).
SFV-Pat1 Cercopithecus patas pat905
Three groups of baboons (infants, juveniles, and
a Virus DNA amplified directly from PBMCs. adults) were tested for evidence of SFV infection. The
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FIG. 4. Alignment of SFV LTR nucleotide sequences from baboon, Hamlyn’s guenon, patas, and African green monkey species with previously
reported foamy isolates. Sequences (R/U5) from SFV-1, SFV-3, SFV-6, SFV-7, SFV-CPZ, SFV-11, SFV-Gg, and HFV were accessed from GeneBank.
Identical nucleotides are indicated by dashes; deletions are indicated by dots.
first group consisted of 10 infant baboons that ranged in weaker antibody responses (Fig. 6A, Table 3). However,
all 10 infants were negative by PCR. Taken together withage from 1 to 13 months old and were individually housed
in a nursery. The infants had been removed from their the antibody profile, this suggests the antibodies de-
tected in the seven infants were most likely of maternalmothers within 6 hr after birth due to rejection by the
mother, except for one infant that was removed on day origin (Fig. 6A, Table 3). The second group comprised
10 juveniles with various histories that were group15. Seven of the infant baboons were positive by Western
blot, with infants 1 to 6 months old having progressively housed for at least 4 months prior to sampling. The three
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FIG. 5. Phylogenetic trees showing the relationship between SFV pol and LTR R/U5 sequences. These are consensus trees based on unrooted
parsimony of (A) the 279 bp of pol and (B) the 350 bp of LTR aligned as described in the legends to Figs. 3 and 4. Bootstrap values at the nodes
are based on frequencies of 100 trees. Variable regions and gaps were included in this analysis.
youngest juveniles were kept with their mothers for 8 foamy virus by both Western blotting and PCR analysis
(12 animals are shown).months prior to placement with the others, whereas the
seven oldest juveniles were removed from their mothers
shortly after birth and raised in the nursery. Only the DISCUSSION
youngest juvenile had antibodies that reacted to p70 and
p74. This juvenile also was PCR positive, with both the To elucidate the evolutionary relationship of baboon,
Hamlyn’s guenon, and Patas monkey SFVs to the knownpol and LTR primers, suggesting active viral infection
(Fig. 6B). Thirty-eight adult baboons, ranging from 5 to SFV subtypes, phylogenetic trees were constructed from
the sequence alignments. The addition of foamy virus15 years of age and housed in gang cages, comprised
the third group. Every adult baboon was positive for sequences from several related species increased reso-
TABLE 2
Percentage Nucleotide Divergence of Foamy Viruses Based on pol and LTR Regions
SFV-
Virus Bab2 (3)a 3 Agm1 Hm1 Pat1 1 6 7 CPZ Gg 11 HFV
SVF-Bab1 5 (4) 17 (26) 15 (21) 17 (26) 14 (21) 19 (25) 23 (29) 24 (28) 22 (27) 22 (38) 27 (39) 22 (35)
SFV-Bab2 (3)a 16 (20) 15 (19) 17 (21) 13 (18) 18 (20) 25 (31) 25 (30) 25 (30) 24 (41) 27 (40) 24 (37)
SFV-3 8 (15) 9 (12) 9 (17) 10 (19) 19 (31) 20 (30) 18 (31) 21 (43) 28 (37) 21 (34)
SFV-Agm1 9 (20) 9 (15) 12 (19) 22 (26) 22 (25) 22 (26) 21 (33) 28 (33) 22 (30)
SFV-Hm1 12 (12) 13 (25) 19 (34) 20 (33) 18 (33) 18 (42) 25 (37) 20 (38)
SFV-Pat1 13 (22) 24 (31) 23 (30) 21 (31) 22 (37) 29 (33) 21 (34)
SFV-1 22 (26) 22 (25) 21 (26) 22 (36) 28 (31) 21 (28)
SFV-6 1 (1) 4 (1) 19 (22) 21 (27) 7 (3)
SFV-7 4 (1) 19 (22) 21 (26) 7 (3)
SFV-CPZ 17 (22) 23 (26) 7 (3)
SFV-Gg 29 (33) 18 (22)
SFV-11 21 (29)
a Divergence values for pol and LTR were determined using sequences from SFV-Bab2 and SFV-Bab3, respectively. LTR (R/U5) divergence is
presented in parentheses. Percentage divergence was estimated on the aligned sequence in Figs. 2 and 3 using Kimura’s two-parameter method
(GCG Package).
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FIG. 6. Epidemiological evaluation of baboons for SFV by Western blot and PCR analysis. Western blots were made from SFV-Agm1-infected
HFSM cells and PCR was performed on DNA from the same baboons using the LTR primers. Serum from an SFV-positive African green monkey
and 20 ng of DNA isolated from the SFV-Bab1 cell line were used as positive controls for Western blotting and PCR amplification, respectively.
Serum from an SFV-negative human and 200 ng DNA isolated from the uninfected HFSM cell line were used as negative controls for Western
blotting and PCR amplification, respectively. Lanes 1–10 represent 10 individual baboons from each group. The results are presented in the same
order for both Western blot analysis and PCR, i.e., Western blot, lane 1, corresponds to PCR, lane 1, within the same group. The infant and juvenile
samples are aligned according to the age of the baboons starting with the youngest and progressing to the oldest, whereas the samples from the
adult baboons are representative of 38 tested.
lution among phylogenies, but decreased the bootstrap caques are found on different continents, they are more
closely related to each other than to Cercopithecus mon-confidence in comparison to previous trees (Bieniasz et
al., 1995). This may be a function of the close relationship keys (Disotell, 1996). Likewise, baboon foamy viruses
appear to be more related to foamy viruses from rhesusamong these viruses, especially in pol in which evolution-
ary constraints of the functional domain probably contrib- macaques than to viruses from other African monkeys.
Taken together these data suggest that foamy virusesuted to the radiation of virus isolates with only small
bootstrap values. As expected from the sequence align- may have coevolved with their hosts and that variation
ments, baboon viruses were related to, yet distinct from,
the other foamy viruses in trees constructed from both
TABLE 3pol and LTR sequences. Radiation of SFV-Bab from the
middle of the phylogenetic trees, closer to SFV-1 than to Detection of SFV in Baboons Housed at the Southwest Foundation
for Biomedical Researchthe African isolates, and the close network of relation-
ships among SFV-Hm1, SFV-Pat1, and the African green
PCRmonkey isolates is the most conclusive evidence to date
that foamy viruses evolved with their host. Hamlyn’s gue- Baboon Group WBa LTR pol
nons, Patas monkeys, and African green monkeys have
Infants (1–12 months) 7/10b 0/10 0/10been grouped in the Cercopithecus genus. Similarly,
Juveniles (10–15 months) 1/10 1/10 1/10foamy viruses from their respective hosts cluster together
Adults (5–15 years) 38/38 38/38 34/38mimicking the evolution of these monkey species as we
have previously reported for simian immunodeficiency a Seropositive based on reactivity to p74 and p70 gag precurser
viruses in African monkeys (Allan et al., 1991; Ruvolo, proteins.
b Seropositives are most likely maternal antibodies.1988). Furthermore, although baboons and most ma-
AID VY 8797 / 6a4f$$$461 10-01-97 14:20:51 viras AP: VY
357CHARACTERIZATION OF NEW SFV FROM AFRICAN PRIMATES
is therefore not simply a reflection of geographic separa- spond with classification based on neutralization assays
(Bieniasz et al., 1995). Thus, in keeping with the moretion of their host species. Additionally, transmission of
foamy viruses between baboons and African green mon- recent nomenclature we named the viruses with regard
to the species of monkey from which they were isolated.keys may have taken place in the distant past, unlike
SIVagm which we have recently reported in feral yellow Although we did not perform neutralization titers on the
SFV-Bab1 and SFV-Agm isolates, serological groupingsbaboons, suggesting a recent transmission between
these two species (Jin et al., 1994). The phylogenetic from previous reported baboon and African green iso-
lates fall within serotypes 1, 2, and 3 (Hooks and Gibbs,differences among African green monkey SFV isolates
may be due to coevolution of virus within the monkey 1975; Renne et al., 1996; Stiles et al., 1964). These are
inconsistent with phylogenetic analysis based on pol andsubspecies (SFV-Agm1 was isolated from vervet and
SFV-3 was isolated from a grivet) as reported for SIVagm LTR in which African green and baboon isolates were
only distantly related. We found significant reactivity ofor simply due to the variation within foamy virus isolates.
Additional foamy virus sequence from the four African baboon and African green monkey serum samples with
SFV-Agm2 envelope proteins in native conformationgreen monkey species (vervet, grivet, tantalus, and sa-
baeus) will be required to answer this question. (RIPA); however, antigenic recognition of envelopes be-
tween viruses that are phylogenetically distinct is com-Until now, the only host species from which multiple
SFVs have been isolated and characterized are chimpan- mon for retroviruses (Allan et al., 1991). In this regard, the
sizes of the SFV-Agm2 envelope, pol, and gag precursorzees. Regions within the LTR between SFVs from differ-
ent primate species are typically heterogeneous, yet proteins were in good agreement with those reported for
HFV and SFV-1 (Aguzzi et al., 1993; Giron et al., 1993).these same regions are well conserved among isolates
obtained from chimpanzees (Bieniasz et al., 1995; Her- In their natural host, simian foamy viruses give rise
to lifelong persistence and apparently benign infections;chenroder et al., 1995). However, utilizing the SFV-Agm1
and SFV-Bab sequences to compare African green mon- however, the influence of foamy virus infection in animals
used for research or xenograft transplantation is un-key and baboon isolates, it appears that there is consid-
erable heterogeneity in overall length of the LTRs even known. He et al. (1993) have shown the possibility of
viral interactions in infected individuals using an in vitrowithin the same species. The reason for variation in the
R-U5 regions has not been addressed; however, there assay in which the foamy virus Bel-1 regulatory gene
interacted with the responsive elements located on theare several possible explanations for the discrepancies
in nucleotide length among foamy viruses. First, it is pos- LTR of HIV (human immunodeficiency virus) and trans-
activated its transcription. Our studies of baboonssible that the length of the R-U5 region plays a role in
the stability of the secondary structure of the nascent housed at the SFBR indicate that foamy virus infection
is widespread in the colony. All adult baboons testedfoamy virus mRNA (Mergia et al., 1992). It has been well
documented that the R-U5 region of LTR down-regulates were positive for foamy virus, whereas none of the infants
and only one of the juveniles were SFV-positive basedviral transcription and this appears to be due to second-
ary structure of the mRNA (Mergia et al., 1993; Renne et on both Western blot reactivity and PCR amplification. In
the case of the juvenile, SFV was probably transmittedal., 1993). Although its role in the viral life cycle is not
known the R-U5 region is highly conserved in compari- vertically, i.e., either from breast feeding or grooming. As
of yet we have not identified any clinical disease in theseson to the U3 region, arguing for an important role in the
virus life cycle (Rethwilm, 1995). An alternative explana- baboons which could be linked to SFV infection.
The gag precursor proteins p70 and p74 were the pri-tion for the heterogenetic length upstream from the poly-
adenylation signal may be the isolation and growth of mary immunogens identified on the Western blot (Hahn
et al., 1994). Identical results were obtained using West-viruses in culture. SFV-Bab3, the only LTR sequence ob-
tained directly from an infected animal, does not have a ern blots made with SFV-Bab1 antigen (not shown). There
was complete correlation between the Western blots andgap directly upstream from the polyadenylation signal,
even when compared to the baboon isolate, SFV-Bab1. PCR amplification using the LTR primers; however, we
could not amplify virus from four of the adult baboonsWe have also noticed that foamy virus amplified directly
from tissue of a baboon was not deleted in this region using the pol primers. This may be due to sequence
variation or primer sensitivity. Although both primer sets(unpublished data); however, verification of this observa-
tion would require sequences obtained directly from a were capable of detecting as few as 10 copies of SFV,
the LTR primers recognized sequences on both the 5*variety of infected host species. Deletion of this se-
quence in the R-U5 region of cultured virus would imply and 3* LTR regions and therefore may have twice the
sensitivity in amplifying SFV from PBMC. Also, the LTRa nonessential role of this region during in vitro viral
replication. primers are more conserved among the various primates.
For whatever reason, the LTR primers appear to be betterConsistent with reports by others, the molecular rela-
tionship of foamy viruses does not completely corre- suited for diagnostic evaluation of SFV in baboons.
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of primate sera to foamy virus Gag and Bet proteins. J. Gen. Virol.Although recent progress has been made toward un-
75(Pt 10), 2635–2644.derstanding the prevalence of foamy virus infection in
He, F., Sun, J. D., Garrett, E. D., and Cullen, B. R. (1993). Functionalhumans and nonhuman primates and the molecular biol- organization of the Bel-1 trans activator of human foamy virus. J.
ogy of foamy viruses, much remains to be learned about Virol. 67(4), 1896–1904.
this retrovirus commonly found in nature. In particular, Herchenroder, O., Renne, R., Loncar, D., Cobb, E. K., Murthy, K. K.,
Schneider, J., Mergia, A., and Luciw, P. A. (1994). Isolation, cloning,the routes of transmission, host tissue reservoir, and pos-
and sequencing of simian foamy viruses from chimpanzees (SFVcpz):sible pathogenic consequences of infection within an
High homology to human foamy virus (HFV). Virology 201(2), 187–unnatural host have remained largely unexplored. Recent
199.
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virus (SFVcpz) generated by long PCR reveal close functional relat-creased interest in simian foamy viruses. Baboons pro-
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